Marked norovirus (NoV) diversity was detected in patient samples from a large community outbreak of gastroenteritis with waterborne epidemiology affecting approximately 2,400 people. NoV was detected in 33 of 50 patient samples examined by groupspecific real-time reverse transcription-PCR. NoV genotype I (GI) strains predominated in 31 patients, with mixed GI infections occurring in 5 of these patients. Sequence analysis of RNA-dependent polymerase-N/S capsid-coding regions (ϳ900 nucleotides in length) confirmed the dominance of the GI strains (n ‫؍‬ 36). Strains of NoV GI.4 (n ‫؍‬ 21) and GI.7 (n ‫؍‬ 9) were identified, but six strains required full capsid amino acid analyses (530 to 550 amino acids) based on control sequencing of cloned amplicons before the virus genotype could be determined. Three strains were assigned to a new NoV GI genotype, proposed as GI.9, based on capsid amino acid analyses showing 26% dissimilarity from the established genotypes GI.1 to GI.8. Three other strains grouped in a sub-branch of GI.3 with 13 to 15% amino acid dissimilarity to GI.3 GenBank reference strains. Phylogenetic analysis (2.1 kb) of 10 representative strains confirmed these genotype clusters. Strains of NoV GII.4 (n ‫؍‬ 1), NoV GII.6 (n ‫؍‬ 2), sapovirus GII.2 (n ‫؍‬ 1), rotavirus (n ‫؍‬ 3), adenovirus (n ‫؍‬ 1), and Campylobacter spp. (n ‫؍‬ 2) were detected as single infections or as mixtures with NoV GI. Marked NoV GI diversity detected in patients was consistent with epidemiologic evidence of waterborne NoV infections, suggesting human fecal contamination of the water supply. Recognition of NoV diversity in a cluster of patients provided a useful warning marker of waterborne contamination in the Lilla Edet outbreak.
N orovirus (NoV), which belongs to the Caliciviridae family, is considered to be the major cause of acute nonbacterial gastroenteritis in all age groups, worldwide (38) . As small (27 nm), nonenveloped, positive single-stranded RNA viruses, NoV show marked genomic diversity, low infectious dose, and considerable stability in environmental waters (15, 36, 44) . These viral properties play a central role in waterborne infections of NoV etiology. A recent U.S. survey estimated waterborne infections to total 19 million cases/year (41) , with NoV accounting for ca. 18% of drinkingwater outbreaks associated with gastroenteritis (4) . Investigation of NoV waterborne outbreaks is hampered by NoV diversity and noncultivability in standard cell cultures (11) . Genomic diversity challenges the molecular methods used to detect NoV in clinical samples and in contaminated waters, the point source of waterborne infections.
These robust yet fastidious viruses cause diarrhea, nausea, and vomiting of sudden onset and short duration (24 to 72 h), characterized by high concentrations of NoV RNA in feces and vomitus (19) . Therefore, NoV are readily transmitted by the fecal-oral route through contaminated foods such as raspberries, water or bivalves, aerosols, or fomites (6, 9, 25, 29) . Two contrasting patterns of outbreaks are recognized (32) . Costly long-running outbreaks occur in semiclosed settings such as cruise ships or health care units where NoV genogroup II (GII) strains may dominate (12, 34) , while GI or GII strains may be implicated in sporadic infections or widespread nonseasonal epidemic outbreaks (23, 25) . Since human NoV are acid tolerant, bile tolerant, and moderately resistant to chlorine disinfection (10) , virus is excreted directly into sewage systems, and high levels are detected in incoming wastewater (8) . Wastewater sequencing studies (31) reveal the diversity of human NoV GI and GII strains circulating in the population as sporadic, epidemic, or asymptomatic infections. Secondary wastewater treatment reduces but does not effectively remove NoV from wastewaters (8) . Residual viruses are released to surrounding waters, a potential source of contamination for water treatment plants (WTPs), recreational bathers, and bivalves alike, as demonstrated by the high nucleotide similarity of human NoV outbreak strains and NoVs detected in bivalves and surface waters (25, 35) . Such findings confirm the stability of human NoV in aquatic environments (36) and the importance of vigilance in the use of recycled river waters as drinking-water resources.
Tracing the point source of a community outbreak is of immediate importance, as is a prompt response with remedial action, especially when waterborne infection is suspected since large numbers of individuals are at risk. However, waterborne outbreak investigations are demanding. Apart from the problems of demonstrating NoV in water samples where collection time is usually delayed following "flash" contamination events, waterborne outbreaks often correlate with maintenance or emergency incidents, disinfectant failure or flooding at WTPs or wastewater treatment plants (WWTPs), heavy rain, or human error (20, 33) . Significantly, the first warning of waterborne infections may come through increased reporting of gastroenteritis from the public (28) .
In the present study, we focus on molecular findings from clinical samples obtained during investigation of a large outbreak of NoV gastroenteritis of waterborne epidemiology, affecting a small municipality in West Sweden (27) . The outbreak was character-ized by early detection of marked diversity of NoV GI strains in patient feces. These findings raise interesting questions since waterborne NoV infections frequently go undetected or are missed early in an outbreak because of over-reliance on the absence of bacterial indicators of microbial contamination in drinking water (25) .
MATERIALS AND METHODS
Outbreak background. During September 2008 an extensive outbreak of gastroenteritis affected Lilla Edet (population, 13,000) situated on the River Göta, Västra Götaland, Sweden. Outbreak investigations reported previously included assessment of questionnaires issued to households during the outbreak, and virological analysis of water samples carried out at the Swedish Institute for Communicable Disease Control, Solna, Sweden (27) . Lilla Edet WTP draws recycled water from the River Göta, the recipient for 13 industrial plants, including WWTPs at Lilla Edet, upstream Trollhättan (population, 44,500), and Vänersborg (population, 22,000), approximately 87,500 people in all. River water quality is monitored with microbial, chemical, and turbidity analyses. Good communications give early warning of maintenance or alarm events allowing corrective intervention at downstream WTPs to reduce contamination risks (42) .
Clinical samples. Fecal samples were collected from patients with gastro-enteric symptoms attending Lilla Edet primary health care center from 12 to 26 September. Appeals were made via local radio on September 14 to ensure an adequate number of samples for laboratory examination.
Nucleic acid extraction. Feces were processed according to principles for prevention of cross-contamination in sample handling and PCR processing (26) . Total nucleic acids and RNA (100-l volumes) were extracted from 10% fecal suspensions as described previously (36) .
Real-time reverse transcription-PCR (RT-PCR).
Total nucleic acid extracts (10 l) were examined in validated real-time TaqMan systems targeting NoV GI, GII, rotavirus (RoV), and astrovirus (HuAsV) (16, 36) , sapovirus (SaV) G1, G2, and G4 (39) , and adenovirus (HuAdV) (18) . Master mixes (40 l) with primer and probe concentrations of 300 and 200 nM, respectively, were prepared and amplified as described previously (36) . Real-time RT-PCR controls included viral positive feces samples, water controls, and a plasmid construct designed to control viral amplification procedures (16) . Cycle threshold values (C T ) provided semiquantitative assessment of viral load where C T varies inversely with viral concentration, with the copy number estimated from standard curves prepared from 10-fold serial dilutions of plasmid containing TaqMan viral target sequence inserts (16) .
RT-PCR and sequence analysis. RNA (10 l, 10%) was examined in RT-PCR targeting the NoV RNA-dependent RNA polymerase (RdRp)-N/S capsid-coding region (ϳ900 nt). NoV GI strains were detected with the primer pairs NV36/GISKR and JV12y/GISKR (24, 45, 47) in parallel RT-PCR master mixes (40 l) prepared and amplified as described previously (35) . Products (5 l) were nested into PCR master mixes (45 l) containing primers JV12y/GISKR or NV69/GISKR (47) . Amplicons were separated, purified, and cycle sequenced with the primers JV12y, GISKR, and NV69 and a BigDye Terminator kit (v3.1; Applied Biosystems, Foster City, CA) (35) . Sequences analyzed on Avanti3130XL genetic analyzer (Applied Biosystems) were aligned with GenBank reference strains using Sequencher version 4.9 (Gene Codes Corp., Ann Arbor, MI) and the BLAST tool (National Center for Biotechnology Information [NCBI] website). NoV GII strains were amplified in RT-PCR with the primer pair NV36/G2SKR (24) or JV12y/G2SKR, followed by "semi-nesting" into parallel PCR mixes containing the primer pairs JV12y/G2SKR, or NI/ G2SKR (14) . Thermocycling, product detection, and cycle sequencing were as described for NoV GI, but using the sequencing primers JV12y, NI, and G2SKR. SaV genotyping was based on sequence analysis of products (805 bp) amplified by RT-PCR as described for NoV, but using the primers N290 (5=-GATTACTCCAAGTGGGACTCCA-3=) modified from S290 (21) and SaV1245R (39) . HuAdV-positive samples were confirmed by sequence analysis of PCR products amplified using HuAdV primer pairs (37) .
Long-fragment sequence analysis and cloning studies. NoV RdRpmajor capsid-coding regions (ϳ2.1 kb) of 10 representative patient strains were characterized by long-fragment sequence analysis (35) . Poly(T) primer 5=-T 25 VN-3= (30) targeting viral poly(A)-3= tail was used in parallel RT-PCR master mixes with primer NV36, NV69, or JV12y to amplify NoV GI strains (35) . Amplified mixes (5 l) were nested in parallel PCR mixes containing primer JV12y, NV69, or GIFFN combined with GICapA or GV7 (13, 15, 46) . Purified products were cycle sequenced with GI primers (Table 1) . NoV GII-positive samples were amplified in parallel RT-PCR master mixes with the primer pair NV36/T 25 VN or JV12y/ T 25 VN, followed by nested or seminested PCR with the primer pair JV12y/GIICapC or N1/GIICapC (35, 46) . Amplicons were cycle sequenced with GII primers (Table 1) .
Cloning studies were carried out to control sequence major capsidcoding regions of new strains and to confirm mixed NoV GI infections. A TOPO TA cloning kit was used according to manufacturer's instructions (Invitrogen, Carlsbad, CA). Ten clones were picked for control sequencing of colonies from each of the six patient samples amplified.
Phylogenetic and comparative sequence analysis. Phylogenetic analysis included neighbor-joining methods using MacVector 7.2 software (Accelrys, Inc., San Diego, CA) with bootstrapping (1,000 replicates) to assess the reliability of branch nodes. Sequences were analyzed with Sequencher v4.9 and the BLAST tool (NCBI).
Prevalence of NoV infections in upstream municipalities. Laboratory records at Sahlgrenska University Hospital Virus Laboratory, Gothenburg, Sweden, were examined to assess prevalence of NoV infections in Lilla Edet, Trollhättan, and Vänersborg during the 3 months prior to the outbreak.
Bacterial and protozoan pathogens. Feces were examined for Campylobacter spp., Salmonella spp., Shigella spp., Yersinia enterocolitica, enterotoxic Escherichia coli, hemolytic enteropathogenic E. coli. Entamoeba histolytica, Giardia lamblia, and Cryptosporidium parvum (43) .
Nucleotide sequence accession numbers. The sequences described in the present study have GenBank accession numbers GU296356, JN183159 to JN183166, and JN603244 to JN603274.
RESULTS

Outbreak investigations. (i) The outbreak.
Indication of a large number of ill individuals complaining of acute gastroenteritis was reported to the Department of Communicable Disease Control and Prevention on 11 September 2008. "Boil water" orders were issued on the same day (27) . Analysis of questionnaire responses indicated that approximately 2,400 individuals fell ill with acute gastroenteritis during the outbreak that had its peak on 9 and 10 September 2008 (Fig. 1 ). Cases were not restricted to a single region of the town or to the intake of a particular food, such as bivalves, but symptoms were associated with consumption of tap water from Lilla Edet municipal supply (27) . A reduction in cases following the prompt issue of "boil water" orders strengthened the epidemiology of a waterborne outbreak.
(ii) Water examination. NoVs were not detected in raw or drinking water sampled during the outbreak, or in iced water prepared before outbreak onset, on examination in another laboratory (27) . Somatic coliphages, indirect indicators of human or animal fecal contamination, were detected in raw and drinkingwater samples collected on 1 day.
(iii) River conditions. On 2 September, Lilla Edet WTP authorities were notified of emergency repairs 25 km upstream at the Trollhättan WWTP, with discharges to a tributary entering River Göta 8.5 km upstream of Lilla Edet. Repairs were completed on 4 September, but heavy rainfall caused sanitary overflows, which were maximal at the Trollhättan WWTP on 6 September, with overflows from Lilla Edet WWTP entering the river 500 m upstream of the Lilla Edet WTP. Marked river water turbidity was detected downstream of Lilla Edet on 6 September, with E. coli at a 1,100 most probable number (MPN)/100 ml and at a 1,200 MPN/100 ml recorded 5 and 40 km downstream, respectively, on 8 September (42) .
Clinical samples. Feces samples were obtained from 50 patients with gastroenteric symptoms attending the medical center between 12 and 26 September. The collection date is shown in the modified epicurve (Fig. 1) , prepared from the date of onset of symptoms described by 379 affected individuals in the questionnaire survey (27) . A peak in sample collection (Fig. 1 ) indicated a prompt response to radio calls made on 14 September.
TaqMan real-time hydrolysis probe detection. Enteric viruses were detected in 36 of 50 patient samples examined in realtime TaqMan systems: NoV GI strains in 31, NoV GII in three, SaV in one, RoV in three, and HuAdV in one ( Table 2 ). All age groups were affected, which is typical of NoV outbreaks. The predominance of NoV GI infections was reported to the Medical Officer of Health within 4 h of receipt of the first five samples. Detection of NoV according to sample date is shown in Fig. 1 . Real-time systems provided direct evidence of mixtures of viral agents in three adult patients (Table 2 ). Patient 5 (P5) showed a dual infection with NoV GI (C T ϭ 25) and NoV GII (C T ϭ 33). P12 was positive for NoV GI (C T ϭ 26) and RoV (C T ϭ 33); P50 was positive for NoV GI (C T ϭ 29) and reacted weakly with HuAdV (C T ϭ 39). Viral loads presented in Table 2 were estimated from C T values and the copy number per gram of feces.
Comparative sequence analysis and cloning studies. NoV strains were characterized by sequence analyses of RdRp-N/S capsid-coding regions (ϳ900 nt) and aligned with the GenBank reference sequences for NoV GI.1 to GI.8 and NoV GII.1 to GII.17 (49) . Most of the patient strains assembled with the NoV GI reference sequences. A total of 21 sequences were classified as NoV GI.4 strains, 9 were classified as GI.7 strains, and 3 (S3, S26, and S29) grouped as GI.3 strains (49). However, the nucleotide dissimilarity between S3, S26, and S29 sequences and GI.3 reference strains (U04469, AY038598, AF414403, AF414405, AF145709, and AF439267) increased from 15% to a limiting value of 20 to 23% when longer sequences (2.1 kb) covering hypervariable capsid-coding regions were compared. The remaining sequences S2, S7, and S48 assembled into a distinct group showing high dissimilarity (Ͼ22% nucleotides) from reference sequences, indicating the detection of a new genotype.
Long-fragment analysis (2.1 kb) of the unassigned group S2, 
S7
, and S48, using the BLAST tool (NCBI), showed that these three sequences had high nucleotide similarity (96 to 97%) to patient strains detected in France (EF529736 and EF529737; coverage, 40%), Canada (EF078286; coverage, 38%), and Japan (AB112132 to AB112138). Japanese strains were named NoV GI.13 based on 558 nt of the more conserved NoV RdRp-N/S capsid-coding region covering 25% of the 2.1 kb reported here (23) . Sequences S3, S26, and S29 (2.1 kb) assigned to GI.3 were most similar (98% similarity, ca. 36% coverage) to unpublished patient strains detected in France (EF529738 to EF529740) and to patient strains from shellfish outbreaks (AB112100 and AB112127), named GI.14 by Japanese workers upon analysis of 555 nt of the RdRp-N/S capsid-coding region (23) . NoV GI.7 strains detected in Lilla Edet patients differed by 8 to 11% nucleotides from all previously reported GI.7 strains found in GenBank, including patient strains AJ277609 and AB112122 and strain AB504701 from sewage in Japan.
Three strains of NoV GII were identified: NoV GII.4 (S43) and GII.6 (S5c and S18) ( Table 2 ). S5c occurred as a mixed infection with NoV GI.4 and GI.7. SaV GII.2 was detected in P13, a 5-yearold child.
Control sequencing of clones prepared from amplicons of major capsid-coding regions confirmed the nucleotide sequences of the proposed new genotype strains (n ϭ 3), proposed as NoV GI.9, and the mixtures of NoV strains detected in five patient samples (Table 2) .
Phylogenetic analysis. Phylogenetic trees were constructed using neighbor-joining methods based on predicted capsid amino acid sequences (530 to 550 amino acids [aa]) from 10 representative NoV strains detected in patient feces. The diverse strains clustered with reference genotypes as shown in the tree (Fig. 2) , confirming the comparative sequence analyses. Lilla Edet strains were of genotypes NoV GI.3, GI.4, and GI.7 and three sequences of a new genotype cluster confirmed by cloning-based sequence studies. Definition of the new genotype, proposed as GI.9, was determined by full capsid amino acid analysis and 26% amino acid dissimilarity from other reference strains. This value (i.e., 26%) is much higher than any pairwise distances (0 to 14.1%) found between strains of the same genotype (49) . Notably, Lilla Edet GI.3 strains formed a separate sub-branch showing 13 to 15% amino acid dissimilarity to GenBank GI.3 reference strains.
Prevalence of NoV in Lilla Edet and upstream municipalities. There was no epidemiological evidence of NoV infections in the region in the 3 months prior to the outbreak (27) . Of 23 NoVpositive samples detected in Västra Götaland over the study period, one was from upper River Göta region, a child with NoV GII gastroenteritis in Trollhättan 80 days prior to the outbreak.
Bacterial and parasitic pathogens. Campylobacter spp. were isolated from 2 of 50 feces samples examined. NoV GI.4 and NoV GI.9 strains were detected in one campylobacter-positive sample (P7).
DISCUSSION
This report describes the virological investigation of an extensive nonseasonal community outbreak of acute nonbacterial gastroenteritis with strong epidemiologic indices of waterborne contamination of a municipal water supply. The marked diversity of NoV GI strains detected in patient feces raises pertinent questions on the potential of molecular methods to improve clinical detection and early recognition of NoV infections of waterborne origin.
The Lilla Edet outbreak, in September 2008, was characterized by the detection of diverse NoV GI strains in patient feces. Sequence analyses of strains from the first five patient samples gave an early indication of marked genomic diversity, including NoV GI.3, GI.4, and GI.7 and a new genotype cluster confirmed by cloning studies (Table 2, Fig. 2) . The NoV GI.4 and I.7 strains showed high nucleotide similarity to GenBank reference strains, but the Lilla Edet GI.3 strains formed a separate sub-branch showing 13 to 15% capsid amino acid dissimilarity with GI.3 reference strains. Three strains clustered in a new genotype, proposed here as GI.9, based on 26% capsid amino acid dissimilarity (530 to 550 aa) from established genotypes, although NoV genotype classification is unresolved (49) . Predominance of diverse NoV GI strains in patients of all ages proved a distinctive feature of Lilla Edet outbreak, an extensive outbreak with epidemiologic indices of waterborne infection despite absence of direct molecular evidence of NoV contamination of tap water (27) . If, as in the World Health Organization definition of an outbreak, detection of two or more individual cases of NoV infection and further recognition of a cluster of sick individuals all using a common water source is required before water can be recognized as the point source of contamination in a NoV outbreak, then the Lilla Edet outbreak satisfies that premise (1). An untimely combination of heavy rain, emergency repairs, discharges from upstream WWTPs, and suboptimal chemical disinfection were important factors in contamination incidents associated with the Lilla Edet waterborne outbreak (17, 27) . The most serious risk incidents in water treatment relate to suboptimal particle removal or disinfection treatment failure (48) . Heavy rainfall with release of enteric pathogens to recipient waters is a known hazard of sewage overflows (33) , and NoVs have been recorded in River Göta waters following early releases from northern WWTPs in rainy conditions (2) . There was no epidemiological evidence of NoV infections in the region in the 3 months prior to the outbreak, although sporadic infections or "underreporting" of NoV infections cannot be excluded. Although the significance of asymptomatic shedding in outbreak settings has not yet been clarified (40) , these are important aspects of NoV epidemiology since NoV concentration in wastewaters may reflect asymptomatic excretion, as well as disease prevalence. There is concern that recycled drinking water may cause endemic low-level gastrointestinal infections (48) . Vigilant monitoring of recycled river water quality and good communications are essential to reducing the risk of human fecal contamination at raw-water intakes, particularly since secondary treatment, the most common wastewater processing used in Sweden, can reduce viral load but does not remove NoV from wastewater (8) . Although both NoV GI and GII strains are detected in effluents, GI strains appear to be more resistant to WWTP processing and show stability in aquatic environments (8, 36) , which may account for the predominance of NoV GI strains detected in Lilla Edet patients. Raised proline content in NoV capsid protein P domain, water channels, and pre-stress effects induced by protruding domains may confer stability on capsid structure and contribute to the persistence of NoV in recycled river waters (3, 5, 7) .
NoV diversity detected in patient feces raises important questions. Can strain diversity be used as a significant marker in the identification of a cluster of patients affected by NoV infection associated with waterborne contamination? Supporting evidence is provided by previous reports of multiple NoV GI and GII strains detected in patient outbreaks traced to the ingestion of contaminated water or sewage-contaminated bivalves (13, 25, 29) . In contrast, the Lilla Edet investigations were based on real-time molecular methods targeting the highly conserved ORF1/2 junction of the genome (22) . These techniques have greatly improved the speed and range of viral study in clinical and environmental settings, extending our awareness of NoV genomic diversity. "Coexistence" of multiple NoV strains in Japanese patients was traced to shellfish ingestion, implying the consumption of sewagecontaminated bivalves (23) . This is relevant to our understanding of the genotype diversity detected in Lilla Edet outbreak, where infections were associated with the consumption of municipal water. Bivalves or other common foodstuffs were not implicated. Therefore, we consider that the diversity of NoV GI strains detected in Lilla Edet patients and the multiple strains noted in a few were findings consistent with NoV infections transmitted by waterborne contamination, strengthening epidemiological indices that human fecal contamination of the drinking-water supply was the outbreak point source.
Experience from the Lilla Edet outbreak emphasizes the importance of rapid diagnostic response to reports of gastroenteric infections from the public. We found the call through media for fecal samples from affected people to be an effective measure, but this step could have been initiated even earlier in the outbreak. NoV findings in the first five patient samples (Table 2 ) prompted rapid sequencing, followed by bioinformatics that revealed a multitude of human NoV strains suggestive of the contamination of drinking water by human feces. With outbreak preparedness, including the sampling, transport, and analysis of about 10 samples and the preliminary sequencing of informative "signature" regions of viral strains, we suggest that diagnostic results in similar norovirus outbreaks during optimal handling may be obtained within 3 days.
In conclusion, the diversity of NoV strains detected in Lilla Edet patients proved a significant indicator of waterborne infection derived from fecal contamination of a water supply. Greater awareness of the significance of NoV diversity in a cluster of patients should prompt questions of waterborne contamination, thereby improving identification and investigation of waterborne outbreaks. As RNA viruses with rapid replication and error-prone reverse transcription NoV exhibit remarkable genomic diversity that challenges molecular diagnostic methods, as shown in the present study, where real-time RT-PCR revealed strains with 26% amino acid dissimilarity to established genotypes, criteria defining a new genotype (49) . The strain diversity detected in this waterborne outbreak emphasizes the importance of extended molecular surveillance of noncultivable NoVs.
